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1.
Tissues;
Condensates;

SAMPLE ANALYSIS METHODOLOGY
UTILIZNGELECTROMAGNETIC
RADATION

This Application is a CIP of application Ser. No. 10/713,

5

816 Filed Nov. 17, 2003 and Ser. No. 10/376,677 Filed Feb.
28, 2003.now U.S. Pat. No. 6,982,792; and Claims Benefit of

Porous materials;

Alloys;
Compounds;
Composites;

Provisional Applications Ser. Nos. 60/471,769 Filed May
20, 2003, and 60/485,009 Filed Jul. 5, 2003, and 60/527,553
Filed Dec. 6, 2003.

10

Fiberous materials;

Wood containing materials;
Paper containing materials;
15

Plastics;

25

Crystaline materials;
Amorphous materials;
Polycrystaline Materials;
Glassy materials;
Homogeneous materials;
Inhomogeneous materials;
Superlattices:
Superconductors;
Lamgmuir-Blodgett materials;
Monolayers;
Fractional Monolayers;
Multi layers;
Samples comprising Quantum Dots &/or Wells;
Polymers:
Conjugated Polymers:
Films of any material on substrate of another material;
Monoparticles:
Composites containing monoparticles;

MICRO, FIR, IR, NIR-VIS-NUV, UV, DUV, VUV, EUV

and XRAY in a regression procedure to evaluate parameters
in mathematical dispersion relationships.
BACKGROUND

It is well known to apply electromagnetic radiation to
evaluate optical properties of sample systems. The disclosed
invention can comprise any means for generating an elec
tromagnetic beam and causing it to impinge upon a sample
system, Such as:
reflectometer;

spectrophotometer,
ellipsometer;
spectroscopic ellipsometer;
polarimeter, and
spectroscopic polarimeter,
with reflected or transmitted electromagnetic radiation being

30

35

Metals;
Semimetals;
Semiconductors;
Insulators;

Transparent Oxides;
Liquids;

combinations of the above.
40

45

50

Fluids;
oils;
Lubricants;

Biological materials;
Nucleic Acids;
DNA &/or RNA;
Proteins;
Amino Acids;

Carbohydrates:

Fungi material;

Tan (I) or Cos (A), coordinates on a Poincare Sphere or
other descriptors of the Polarization State of electromagnetic
radiation are to be understood as equivalents to PSI () and
DELTA (A), as are the Coefficients “IN “S” & “C”:
C=Sin(2).Cos(A):

55

S=Sin(2U)Sin(A):

60

Lipids;

Microbe material;

It is further noted that many types of ellipsometer systems
exist. Examples are Nulling, Rotating Polarizer, Rotating
Analyzer, Rotating Compensator, Modulation Element etc.
but all have in common that they provide data which allow
determination of PSI (1) and DELTA (A) of a Sample,
where () and (A) are defined by:

N=Cos(21):

Waxes;
Fats:

Plant material;
Animal material;

Nanomaterials;

Materials containing Nanomaterials;
Superlattices with Nanoparticles:

directed to enter a detector.

For breadth it is noted that while semiconductor sample
systems with one or more thin film on their surface are
typical of those to which ellipsometry can be applied,
essentially any sample can be subjected to investigation
using electromagnetic radiation. Non-limiting Examples are
amples which comprise:
Materials with High or Low Extinction Coefficient (K);
Materials with High or Low Refractive Index (N):

Ceramics;

Polymers:

TECHNICAL FIELD

The disclosed invention relates to methodology for analy
sis of Sample systems utilizing electromagnetic radiation;
and more particularly to the simultaneous use of wave
lengths in at least two ranges selected from RADIO,

Combination Solid and Liquid &/or Gas Sample systems;
Liquid Crystals;
free standing films;

in Modulation Ellipsometers, (see U.S. Pat. Nos. 5,416.588
and 5.956,145 which are incorporated by reference here
into).
Further, evaluation can be achieved for at least one sample
system characterizing selection from the group consisting:
energy gap,

index of refraction;
65

growth rate;
etch rate;
thickness;

US 7,385,697 B2
extinction coefficient;
carrier concentration;

alloy ratio:
critical point;
depolarization rate;
inhomogenuity;
grading:
anisotropy;
temperature;

crystalinity;

10

StreSS:

strain;

Surface layer roughness;
interface layer;
interface roughness;
electro-optic coefficient;
magneto-optic coefficient;
chemical bond presence;
chemical bond strength;
sample system phase;

15

25

30

radiation;

single sample system orientation:
multiple sample system orientations;
multiple angles of incidence of
electromagnetic radiation;
date acquired from single instrument;
data acquired from multiple instruments;
focused beam of electromagnetic radiation;
divergent beam of electromagnetic radiation;
unfocused beam of electromagnetic radiation;

35

Radio;

40

45

50

55

times, be sufficient to evaluate the thickness of a thin flim on

a sample system and its refractive index and extinction
coeficient, (or the mathematically equivalent real and imagi
nary parts of the dielectric function). Combined with Spec
trophotometry and Reflectometry data serves to to enable
less correlated determination of sample system properties.
Further, while use of data at a single wavelength can
provide beneficial results in many situations, it is typical to
obtain data at a multiplicity of wavelengths, and perhaps at

Typically the spectroscopic electromagnetic radiation is
obtained using an instrument which provides wavelengths in
a range selected from the group:
Micro

combinations of the above.

Briefly, methodology provides that electromagnetic radia
tion be caused to interact with a sample system, with
detected changes in intensity and/or polarization state being
used to evaluate the sample system optical constants. Spec
trophotometry and Reflectometry detect changes in Intensity
of a beam of electromagnetic radiation resulting from inter
action with a sample system. Ellipsometry characterizes
change in polarization state caused by interaction of a beam
of electromagnetic radiation with a sample system. And
while strong correlation typically exists between thin film
thickness and optical constants, Ellipsometric data can, at

Transmission mode.

Again, where ellipsometry is applied the change is in
polarization state, rather than intensity of the spectroscopic
electromagnetic radiation caused by reflection from or trans
mission through the sample system.
By said known methodology insight to the composition
and optical properties of the sample system can be deter
mined.

in-situ;
ex-situ;

electro-optic;
electro-opticcoincident with ellipsometric data;
kerr magneto-optic;
kerr magneto-optic coincident with ellipsometric data;

mathematical model.

Where data is to be obtained in two different wavelength
ranges, possible non-limiting combination of instruments
which operate in said different spectral ranges are:
Two Ellipsometer Systems operating in different wave
length ranges;
One Ellipsometer and a Transmission Spectrometer;
One Ellipsometer and a Reflection Spectrometer;
Two Spectrometer Systems, one Reflection mode and one

combinations of the above.
It is also noted that data can be obtained which is

characterized by at least one selection from the group
consisting of:
reflected electromagnetic radiation;
transmitted electromagnetic radiation;
single sample system invesitgated;
multiple sample systems simultaneously
investigated;
single angle of incidence of electromagnetic

4
a plurality of Angles of Incidence (AOI) at which a beam of
electromagnetic radiation is caused to approach a sample
system. This allows determining the refractive index and
extinction coeficient or the mathematically equivalent real
and imaginary parts of the dielectric function over a spec
troscopic range.
Continuing, it is known to:
provide a sample system and obtain characterizing data
therefrom comprising change in spectroscopic electro
magnetic radiation caused to interact therewith, said
change being caused by said interaction, and
provide a mathematical model of the sample system; and
perform a regression procudure of the mathematical
model onto the data to evaluate parameters in the

60

65

Far Infrared (FIR):
Infrared (IR):
NIR-VIS-NUV;

Near Infrared (NIR):
Visual (VIS);
Near Ultraviolet (NUV):
Ultraviolet (UV):
Deep Ultraviolet (DUV):
Vacuum Ultraviolet (VUV):
Extreme Ultraviolet (EUV);
X-Ray (XRAY):
and while wavelengths from one said selection is often
Sufficient to provide good evaluation of parameters in a
mathematical model of a sample system, it does occur that
Some parameters in a mathematical model can not be
investigated by wavelengths in a single selected range of
wavelengths. For instance, wavelengths in the IR range are
typically appropriate for investigation of the nature of
chemical bonds in molecularly bonded sample systems, and
IR, NIR, VIS and UV wavelengths are all suited to obtaining
information about absorption and electron transitions in
numerous material, (eg. semiconductors, semi-metals and
metals). NIR wavelengths are particularly applicable to
investigtion of semi-metals and VIS wavelengths to metals.
Another example is that the angle of incidence of an IR
beam with respect to a normal to a Surface of a sample
system is often strongly correlated with the absolute index of
refraction of the sample system, but UV-VIS-NIR wave

US 7,385,697 B2
5
lengths are often capable of accurately evaluating the index
and its dispersion, thereby enabling breaking of said correlation.

6
resulting in physical optical constants, and often reduces the
number of parameters that are required to be evaluated to
accurately model very irregular data. Parameterization also

The following provides insight to various Sample System

avoids discontinuities and reduces the effects of noise in

Physical Parameters and Spectral Ranges typically utilized 5 optical constants by modeling with Smooth mathematical
to provide insight thereto:

functions. Disclosed in the J.A. Woollam Co. W-VASE32

PHYSICAL PARAMETER

SPECTRALRANGE

PHONON ABSORPTION

MID-IR (MIR) TO FAR-IR (FIR)

MOLECULARBOND ABSORPTION

MIRTO FIR

CHEMISTRY INFORMATION)
FREE CARRIER ABSORPTION
IN METALS
FREE CARRIER ABSORPTION
IN CONDUCTIVE OXIDES
FREE CARRIER ABSORPTION
INSEMICONDUCTORS

SURFACE ROUGHNESS

UV-VIS AND LONGER WAVELENGTHS

NEAR-IR (NIR)
MIRTO FIR

UV-VIS (THOUGH DIFFERENT
WAVELENGTHRANGES GIVE
INFORMATION ON DIFFERENT

LEVELS OF ROUGHNSS)
SMALL SCALE INDEX GRADING

ABSORBING REGIONS IN WACUUMULTRA

VIOLET (VUV) TO NIR
LARGESCALE INDEX GRADING
THICKNESS NON-UNIFORMITY

ANISOTROPY
DICHROISM
ABSORPTION DUE TO ELECTRONIC
TRANSITIONS
ALLOY RATIOS
NATIVE OXIDES

ANY SPECTRAL REGION
ANY SPECTRAL
ALTHOUGHRANGE SENSITIVITY
INCREASESAT SHORTER WAVELENGTHS
ANY SPECTRALRANGE - VARIES WITH
SAMPLE
ABSORBING REGION-TYPICALLYUV OR
IR
UW TO WIS AND NIR - NIR WITH
NARROW BANDGAP SEMICONDUCTORS
UV-VIS
UV-VIS

(SEMICONDUCTORS)
ULTRA-TEHIN FILM THICKNESS
OXYGEN IN LIVING TISSUES &
WATER IN VARIOUS STATES &
BIOLOGICAL MATTER

UV
VIS RED-NIR

It is also noted that published Optical Constant data for 40 (Registered Trademark), Manual are various approaches,
many materials, (eg gold), even today often have discon including the mathematics thereof, to Parameterization,
tinuous steps or jumps therein which result from the use of including:
Cauchy;
different investigating systems on either-side of the discon
Cauchy +Urbach absorption;
tinuity. That is, the Optical Constants arrived at using data

obtained from an Ellipsometer capable in the IR wavelength 45

Sellmeier Oscillator, (Zero broadened);

range, and Optical Constants arrived at using data obtained
from an Ellipsometer capable in the NIR-VIS waelength
range are often not continuous at the interface wavelengths.
The discontinuity is, of course, an artifact.
In view of the above it should be apparant that simultaneous use of information gathered from various wavelength
ranges from the same or different investigation systems in a
single regression procudure, would enable the ability to

Lorentz Oscillator;
Gaussian Oscillator;
Harmonic Oscillator;
Drude Oscillator;
Tauc-Lorentz Oscillator;
Cody-Lorentz Oscillator;
Tanguay.
Ionic Oscillator;

better evaluate sample systems and provide more realistic ss

TOLO;

results.

Gauss-Lorentz Oscillator;

While it is often the practice to regress on a point by point,
(ie. wavelength by wavelength), basis in wavelength regions
where a sample system is opague, regression based evaluation of parameters in a mathematical model preferably 60
involves parameterization in wavelength regions where a
sample system, (eg. a bulk material and Substrates with

Gauss-Lorentz Oscillator Asymetric Doublet (GLAD)
Oscillator;
Herzinger-Johs Parametric Semiconductor Oscillator
Model;
Psemi-Eo Oscillator;
Critical Point Parabolic band (CPPB);

layers thereupon), is transparent and where reflected elec-

Adachi Oscillator Model;

tromagnetic radiation demonstrates minimal absorption and
Pole:
typically interference efects resulting from reflections from 65
s
interfaces between layers as well as from the surface. wherein the Oscillators are preferably Kramers-Kronig con
sistent.
Parameterization can provide Kramers-Kronig consistency,

US 7,385,697 B2
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Following directly are mathematical descriptions of many priate locations under, for instance, the imaginary part of
of the foregoing Oscillator Structures, which are presently said Dielectric Function such that summation of their con
available in the J.A. Woollam Co. WVASE32 (Registered tributions at each wavelength results in said Dielectric
Trademark), GEMOSCTM Layer. Said GEMOSCTM layer Function. The oscillator Structures are Kramers-Kronig con
can be invoked once Dielectric Function plots are known 5
over a Spectroscopic Range by other means, and enables sistant, hence modeling the Imaginary part allows calcula
placing Oscillator Strurctures of appropriate shape at appro tion of the real part.

e1 Offset:

Purely real constant added to e1. It is equivalent to "eco",
which is often seen in scientific literature.
Sellmeier:

Style

Equation

Sell.0 (nm)

Fit Parameters

A.A.A.

Ampn = A, (nm), Wvln = , (nm)

Sell:5 (m)

enselmeier = . ."

Ampn = A, (Lim’), Wvln = , (Lim)

Sell.1 (nm)
Sell.6 (um)

&n sellmeier

An AA
A2 A2

Ampn = A, (nm), Wvln = , (nm)
Ampn = A, (Lim'), Wvln = , (im)

i

i

i

i

Sell.2 (nm)
Sell.7 (Lm)

An . A
&n sellmeier = 2"- 2
i

Ampn = A (dimensionless),
Wvlin = (nm) or Wvlin = (Lm)
n = 1, 2

Cauchy:
Style

Equation

Chy.0

Fit Parameters

Bn

Cn

Ann = A, Bnn = B, Cnn = C, (dimensionless)

N = A + i + i.

(Lm)

11

Akin = C. (dimensionless)

Kn = of 124(-)

Bkn = 3 (m),

Ckn = YY (Lm
(im) (user adjustable but not fittable.
Only valid
when , s Y)

&n Cauchy == (N,
(Nn +iK,
+ikn)

Drude

Style

Equation

Fit Parameters

Drd.0 (eV)

An Brn

Ampn = A (eV)

Drd.5 (cm)

°n Drd

E2 BE

Drd. 1 (eV)
Drd.6 (cm)

&n Drd F - E2+ iBr, E

Brn = Br, (eV)
Brn = Br, (cm)

i

Ampn = A, (cm),

An
+1Br,

Ampn = A, (eV),
Brn = Br,il (eV)
Ampn = A,
(cm ),
Brn - Br, (cm)

rho-tau Drude & N-mu Drude:

Style

Equation

Rho-tau.0

-i.

&n rtDrd &op (in E’ + ihE)
Rho-tau.5

m

On F Naqn

1

qAnN

N-mu.0

-i.
&n NuDrd : &opn (in .E2+ ii.E)-

N-mu.5

m

Pn

1

Fit

Calculated
Parameters

Parameters

(mStar known)

rhon = p, (92-cm),

taun = T, (10' sec)
rhon = log10(p) (92-cm)

logo(N) (cm)

taun = T, (10 sec)

I (cm'V' sec)

Nn = N (cm),
2 -I
=

ln (cmfW

Sec-1

N (cm),
2- )

Rhon - logo (N) (S2-cm)

taun = T, (10' sec)

|l (cm

VT' Sec-

)

logo(N) (cm)

(cm V' sec')
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16
-continued
e1 Offset:

Purely real constant added to e1. It is equivalent to "eco",
which is often seen in scientific literature.
CPPB:
kin

1 f2

=1.) itn = +-- 1 /

en = de' ln(2E-2E - iT), for u = 0
where d is defined below.

Style

cD

Fit Parameters

CPPB.0 (eV)

d = A,

Ampn = A, (dimensionless), Enn = E (eV), Brn = T, (eV),
mun - I - -/2, 0, /2; Phasen = 0 (dimensionless)

CPPB.5 (cm)

Ampn = A, (dimensionless), Enn = E, (cm), Brn = T, (cm)
mun = 1 = -/2, 0, /2; Phasen = 0 (dimensionless)

CPPB.1 (eV)
CPPB.6 (cm)

An
i

Ampn = A, (eV), Enn = E (eV), Brn = T, (eV),
mun = 1 = -1/2, 0, /2; Phasen = 0 (dimensionless)
Ampn = A, (cm), Enn = Egn (cm), Brn = T, (cm)

d= T

mun = 1 = -/2, 0, /2; Phasen = 0 (dimensionless)

CPPB.2 (eV)
CPPB.7 (cm)

An En
ii

d=

Ampn = A, (dimensionless), Enn = E (eV), Brn = T, (eV),
mum = 1 = -1/2, , 0, 2; Phasen = 0 (dimensionless)
Ampn = A, (dimensionless), Enn = E. (cm), Brn = T, (cm)
mun = 1 = -/2, 0, /2; Phasen = 0 (dimensionless)
Tguy:

A VR
eranaya = (E+
i)sig,(E+ iT) +g,(£(-E-T,)-2g,(60),
where

g(g) = 2ing - 27 co(t) - 2p () - 1 fg
{(Z)
Z)

Ra , alld
Exa - Z.
d(ln(z)).

f(z) = -

-(digamma function)
Style

Fit Parameters

Tguy.0 (eV)

Ampn = A, (eV),
Egn = E (eV),
Bn = T, (eV),
Rn = R (eV)
Ingn =

Psemi-EO only PS-E0.0 (eV) Style available):
Fit Parameter

Description

Dimensions

Amp
Egap
Br
Ewid

Amplitude of e2 at Egap
Bandgap Energy
Broadening (Gaussian type)*
Width of absorption region
(Egap to high energy cut-off)
Connecting point of polynomials,
(as a fraction of Ewid),
measured from (Egap + Ewid)*
Amplitude at connecting point
of polynomials (as a fraction of
Amp)*
Second order polynomial factors'

Amp = Ampn (dimensionless)
Egap = Egapin (eV)
Br, = Brn (eV)
Ewid = Ewidin (eV)

Mpos
Mamp
O2nd

Mpos = Mposn.
(dimensionless)
Mamp = Mampn
(dimensionless)
O2nd = 02nd (dimensionless)

For additional insight see the J.A. Woollam Co.
WVASE32 (Registered Trademark), Manual which

“Introduction to Solid Stae Physics”, Kittel, 6th Ed, John
Wiley & Sons, (1986), P. 257. More insight to the Tauc

describes the GENOSCTM Layer. Said J.A. Woollam Co.

Lorentz, Model can be found in "Parameterization of the

WVASE32 Manual is incorporated by reference herein. Also 65 Optical Functions of Amorphous Materials in the Interband
note that insight to the application of the Drude Model with Region”, Jellison & Modine, Appl. Phys. Lett. 69, 371
mean scatteing time and resistivity as parameters is given in (1996). More insight to the Gauss-Lorentz Model can be

US 7,385,697 B2
17
found in an article by Kim et al., at Phys. Rev. B 45, 11749
(1992). More information about the CPPB Critical Point
Parabolic Band Model can be found in “Modulation Spec
troscopy/Electric Field Effects on the Dielectric Function of
Semiconductors'. Handbook of Physics, Vol. 2 Editor Bal
kanski, North Holland Pages 125-127, (1980). More Infor

18
Glad (Gauss-lorentZ-half-maximum)
5

Special Properties. Two Gauss-Lorentz Oscillators offset
from a Common Center Energy, with Different Amplitudes.
Useful For Asymetric Absorptions (ie. Shoulders),
either TR Vibrational Absorptions or Semiconductor Critical

mation about CPM0, CPM1, CPm2 and CPm3 Models can

Points.

be found in “Other Dispersion Relations for GaP, GAAS,

Materials—IR Measurements of Amorphous Materials,
UV Absorption around Asymetric Critical Points.

GaSb, InP InAs, InSb Al Ga, GaAsP,”, J. Appl. Phys.

66, 6030 (1989). More Information about the Tangay Model
can be found in "Optical Dispersion of Wannier Excitons'.
Phys. Rev. Lett. 75,4090 (1995) and Errata, Phys. Rev. Lett.
76, 716 (1996).
Continuing, insight to Special Properties. Usefulness and

10

what Materials some of said Oscillator Structures are

15

Psemi (Herzinger-johs Model)

applied to are:

Special Properties Triangualr Absorption Shape found
near Bandgap of Direct Gap Materials
Useful For Modeling Bandgap Region of Direct Gap
Materials
Materials—Semiconductors

Tauc-Lorentz

Special Properties—Absorption is force to Zero (K=0) at
photon energies below Bandgap Energy (eg. Capable of
asymetric absorption shape around center energy).
Useful For UV-Visible Absorptions at Energies greater
than Bandgap Energy.
Materials—UV-Visible Absorption in Amorphous and
Glassy Materials. Works well with materials with an Energy
Gap, including Polymers and Crystalline Semiconductors.
Gaussian

Special Properties—Absorption Tail rapidly approaches
Zero beyond Full-Width-Half-Maximum (FWHM) Ener
gies. Keffectively=0.0.
Useful For IR Molecular Vibrations (amorphous mate
rials), UV Absorptions.
Materials—Amorphous Materials and Glasses (IR Spec
tral Region), Polymers (IR and UV-Visible), Crystalline
Materials (UV-Visible). Works well with materials with an
Energy Gap,

Typical Oscillator Functions for Various Materials are:
SEMI CONDUCTORS

25

UV & VISIBLE REGIONS Tauc-Lorentz:
Gaussian;

GLAD, (in Gaussian Mode, for Shoulders
around Critical Points);
PSEMI, (for Bandgap Regions of Direct Gap
Semiconductor);
Lorentz, (IRActive Phonon Modes);
Drude, (Free Carrier Absorption).

IR REGION
30

35

AMORPHOUS & GLASSYMATERIALS

UV & VISIBLE REGIONS Tauc-Lorentz:
Gaussian or Tauc-Lorentz (for additional
Small "bumps in imaginary part of
Dielectric Function);
IR REGION
Gaussian (IR-active Vibrational Modes);
GLAD (in Gaussian Mode, for Shoulders in
Vibrational Absorption Regions);
Drude (Free Carrier Absorption).
POLYMERS

40 UW & VISIBLE REGIONS Tauc-Lorentz
IR REGION
Gaussian (IR-active Vibrational

Modes);
GLAD (in Gaussian Mode, for Shoulders in
Vibrational Absorption Regions);
Drude (Free Carrier
Absorption - Semiconducting Polymers).

Lorentz

Special Properties—Absorption Tail approaches zero
slowly beyond FWHM.
Useful For UV Absorption in Metals, IR Active
Phonons (crystalline Materials).
Materials—IR-measurements of Crystalline Materials,
UV. Visible and IR Interband Absorptions.

UW & VISIBLE REGIONS
IR REGION

50

55

Materials—IR behavior of Semiconductors, Metals, and

Transparent Conducting Oxides (ITO).
Gauss-Lorentz

Special Properties—Convolution between Lorentz and
Gaussian Absorptions. Can smoothly vary between the two
shapes.
Useful For IR Vibrational Absorptions.
Materials—Amorphous Materials and Glasses (IR spec
tral region).

Lorentz:

Drude (Free Carrier Absorption);
Lorentz (IR Band Absorptions).
ITO

Drude

Special Properties—Lorentz Oscillator with Center
Energy=0.0, (no restoring force).
Useful For Free Carrier Absorption (conductivity).

METALS

45

60

65

UW & VISIBLE REGIONS
IR REGION

Tauc-Lorentz:

Drude (Free Carrier Absorption).

Continuing, it is further known that methodology of
analyzing a sample system using a beam of electromagnetic
radiation with wavelengths can be applied to a sample
system characterized by one or more selection(s) from the
group consisting of
is isotropic and non-depolarizing, (characterized by a
Jones Matrix):
is isotropic and depolarizing;
is anisotropic and non-depolarizing;
is anisotropic and depolarizing, (thereby requiring a full
Mueller Matrix characterization)
is Subjected to stress;
is homegenious;
is inhomegenious;

US 7,385,697 B2
19

20
Electromagnetic Beam Magnetic “B” Field;
Electromagnetic Beam Electric “E” Field;

is graded parameters;
demonstrates alloy ratio:
free carriers are present;

Electromagnetic Beam Flux “E”:

demonstrates interface effects;

in which the beam of electromagnetic radiation provided by
said source means for providing of a beam includes elec
tromagnetic radiation containing at least one wavelength
selected from the group consisting of:
RADIO:
MICRO;
FIR:
IR:
NIR-VIS-NUV;
DUV;

5

10

15

EUV;
XRAY.

characterized by a selection from the group consisting of
it comprises a single wavelength;
it comprises multiple wavelengths;
it comprises a plurality of wavelengths which are simul
taneously, or sequentially scanned individually;
and in which the beam of electromagnetic radiation is, just
prior to said sample system characterized by a selection
from the group consisting of
unpolarized;
partially polarized;
randomly: polarized;
linearly polarized;
with respect to said sample system linearly “p'
polarized;
with respect to said sample system linearly “s' polarized;
circularly polarized;
elliptically polarized;
polarization state is modulated;
and is caused to interact with a sample system via a selection
from the group consisting of
by reflection;
by transmission;
by both reflection and transmission;
at one or more angles of incidence, (AOI's), with respect to
a Surface thereof selected from the group consisting of:

semiconductor detector;

25

30

35

40

45

normal;

Scattered electromagnetic radiation.
The beam of electromagnetic radiation which is applied to
a sample system can further be characterized by being,
before and monitored after said sample system, respectively:
non-polarized incident, with measurement of intensity

50

55

Out:

non-polarized incident, with measurement of polarized
Out:

polarized incident, with measurement of intensity out;
polarized incident, with measurement of polarized out;
where “polarized includes “partially polarized'.
Further, said method of analyzing a sample system using
a beam of electromagnetic radiation can have modulation
applied thereto during data accumulation, said modulation
being of at least one selection from the group consisting of

charge-coupled-device;
photo-multiplier tubes;
photo-resistive elements;
photo-conductive elements;
thermo-piles;
bolemeters.; and

oblique;
while said data detector means is utilized to detect resulting:
reflected;
transmitted;

Ambient Environment Composition, (eg. liquid, gas);
Sample System Temperature, (which can be above or
below room temperature);
Sample System Strain;
Pressure applied to Sample System.
Further, methodology of analyzing a sample system using
a beam of electromagnetic radiation can involve providing
polarizer means and accumulating ellipsometric PSI data
while ellipsometric DELTA is placed within a range near 90
degrees via adjustment of the angle-of-incidence of the
beam of electromagnetic radiation with respect to the Sur
face of said sample system.
Detector systems applied to detect electromagnetic radia
tion after its interaction with a sample system can be selected
from the group consisting of:
photo-diode;
photo-diode array;

60

having detector system distinguishing aperturing present.
It is also noted that anything having an effect on the
optical response of a sample system should be modeled in a
mathematical model thereof. Optical constant determining
properties of a sample system which might require math
ematical modeling are chemical bonds and phonon effects,
the presence of a bandgap, the effect of energy band bending
near a junction (eg. PN, Schottky barrier, P+P. N+N both at
a Surface and buried), free carrier profiles, ion implanted
dopant profiles, electro-optic and/or magneto-optic effects,
Kerr rotation, and etc. It is noted that various properties of
a sample system are better investigated in one wavelength
range. For instance, it might be best to evaluate a thin film
layer thickness in the VIS wavelength range, then set said
thickness value during investigations using IR wavelengths.
This is an example of “coupling parameters in different
wavelength ranges can enable Such as determining uncor
related depolarization effects in the IR wavelength range,
which otherwise might be attributed to a different thickness
and evaluated as Such in a regression procedure.
It is also noted that sample system surface roughness can
be detected on many scales. Short wavelengths can detect
Small scale deviations from Smoothness, whereas longer
wavelengths detect such deviations on a larger scale.
The above discloses that it is known to investigate thin
Surface layers on objects with spectroscopic electromagnetic
radiation, and that typically a mathematical model of the
system is proposed for the entire system, and is data
obtained corresponding to change in polarization state in a
beam of electromagnetic radiation caused to interact with
the system. A regression procedure is then performed to
modify the values of parameters in the mathematical model
to bring calculated results into agreement with measured
data. It is also disclosed that In some cases, however, the

65

state of a sample system as obtained, or entered into analy
sis, is initially unknown and proposing mathematical model
therefore is not possible. For instance, it comprises a Sub
strate which was subjected to previous processing, the
specific nature of which is unknown. This can be the case,
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for instance, where articles are manufactured via deposition
or removal of material, to or from, a process Substrate.
In that light it is further disclosed that the present Inven
tion enables application of ellipsometry to investigation of
sample systems which are not easily Subject to mathematical
modeling by allowing definition of a Standard Result which
is expected, when electromagnetic radiation is caused to
interact with a sample system. This has application in
manuacturing settings wherein expected ellipsometric data
is known, (having been previously developed), and wherein
newly manufacured sample systems are ellipsometrically
investigated and data obtained compared thereto.
The present invention provides for obtaining ellipsomet
ric data from a sample system and therefrom defining
“Standard’ ellipsometic data for data obtained from such
sample systems. Data obtained from future sample systems
of the same kind is then compared to said Standard data.
It is noted that the J.A. Woollam Co. WVASE Program
has had the capability to determine Pseudo-Refractive Index
and Pseudo-Extinction Coefficients for years. What that
means is that for a sample system comprising many layers,

22
methods can be used to determine similarity or difference
between the standard and second sample systems.
Background Prior Art References in Spectroscopic Ellip
5

“Proceedings of the 1st international conference on spectro
scopic ellipsometry”. Paris, France January 1993, Spectro
scopic Ellipsometry, published by Elsevier, Sequoia,
Amsterdam, The Netherlands. Also, published in Thin Solid
10

15

papers.
25

overall Refractive Index and Extinction Coefficients, which

systems.

The standard data comprises determined pseudo-refrac
tive index and pSuedo extinction coefficient; and statistical

Boccara, C. Pickering, and J. Rivory. The papers are pub
lished in groups by the following Sub-topics:
Reflectance anisotropy: 6 papers
Roughness and electroschemistry: 13 papers
Semiconductors and microelectronics: 31 papers
In situ characterization and nucleation and growth: 14
papers

are therefore termed “Pseudo’. Said Psuedo Parameters are

suitable for application in the present invention methodol
ogy. This takes the from of Psuedo Parameters for a Sample
being obtained and defined as Standard Data for a Standard
Sample. Ellipsometric Data are then obtained from Samples
which are meant to be identical to the Standard Sample, and
the Psuedo Parameters compared thereto. If the comparison
is favorable then it is acepted that the Samples are indeed
sbstantially identical.
As a specific example, in the IR range of wavelengths it
can happan that sequentially obtained data sets of say
Intensity vs. Wavelength, from the same sample system
show generally similar patterns. Specific magnitudes at
specific wavelengths might differ. A present invention
approach is to provide a “Composit” by perhaps finding an
average Intensity at each Wavelength for some number of
sequentially obtained data sets which are similarly obtained.
The Composit data is then used as a reference to which data
obtained from other similar sample systems is compared. If
comparison shows Substantially similar characteristics then
the similar sample system can be acceptance. If, however,
the Data shows the presence of non-correspondence, the
sample systems can be determined to be non-similar. The
point to be taken is that no mathematical model evaluation
of specific layer thickneses and optical constants and/or
Surface rougness and/or concentration grading etc. is
required. A method of applying ellipsometry to determine
similarity between a standard sample system and test sample
systems can then comprise the steps of:
a) providing a standard sample system, obtaining ellip
Sometric data and therefrom defining standard sample
system data;
b) providing a second sample system, obtaining ellipso
metric data therefrom and comparing it to the standard
sample system data;
c) based upon the comparison determining similarity or
difference between the standard and second sample

Films, volumes 233 and 234, 1993. Editors are A. C.

Infrared ellipsometry: 13 papers
Novel techniques and analysis: 10 papers
Modeling of data: 12 papersSE on liquids: 5 papers
optical properties of materials and anisotropy effects: 19

each of which has determinable Refractive Index and

Extinction Coefficients, it is posible to determine a “Global
representation which does not require determining specific
Refractive Index and Extinction Coefficients for each layer.
The sample system is in effect considered to be uniform with

Sometry.

“May 1997 2nd international conference on Spectroscopic
Ellipsometry”, held in Clarleston, South Carolina has sev
eral hundred papers on SE. The papers are published as a
book, Spectroscopic Ellipsometry, and as a special edition of
Thin Solid Films journal, volumes 313 and 314, 1998 by
Elsevier Science S.A. Lausanne Switzerland. Editors are R.

30

W. Collins, D. E. Aspines, and E. A. Irene. The paper topics
a.

Plenary reviews of SE history and piezo-optical effects: 2
papers

Ellipsometric instrumentation; Error and data analysis: 24
35

papers

Optical properties of solids and thin films from SE: 15
papers

Material and structural analysis by SE: 16 papers
Anisotropic and inhomogeneous solids and thin films: 13
40

45

50

55
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papers

Ellipsometry for in situ and real-time measurements,
monitoring, and control of materials preparation and
processing: 23 papers
Optics of semiconductors: Surfaces, interfaces, and quan
tum structures: 20 papers
Infrared and Ultraviolet SE: 24 papersSE in chemistry,
biochemistry and electrochemistry: 14 papers.
"3rd international conference on spectroscopic ellipsom
etry”, held in Vienna, Austria July 2003. The papers were
published as a book titled “Spectroscopic Ellipsometry”, and
as a special issue of the Thin Solid Film Journal by Elsevier,
Editors Fried et al., Vols. 455 and 456, (May 2004).
Sub-topics are:
Reviews: 3 papers
Infrared and ultraviolet SE: 18 papers
Industrial applications: 22 papers
Advanced instrumentation, including polarimetry and
scatterometry: 27 papers
Biological and medical applications: 8 papers
Anisotropic and thin films: 28 papersIn situ and real-time:
19 papers
Reflection anisotropy: 10 papers
Semiconductors: 17 papers
Surfaces, interfaces and thin films: 44 papers
Polymers: 78 papers
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which is Subject to accurate evaluation using data in
one range of wavelengths selected from the group
consisting of:

23
Need remains for a methodology of characterizing sample
systems utilizing wavelengths over a large wavelength
range.
DISCLOSURE OF THE INVENTION

The disclosed invention comprises a method of simulta
neously evaluating a plurality of parameters in a mathemati
cal model of a sample system which describes the effect said
sample system will have on electromagnetic radiation which
is caused to interact therewith. Said method involves regres
sion of the mathematical model onto data obtained by
application of electromagnetic radiation to the sample sys
tem, at least one of said parameters in said mathematical
model being Subject to accurate evaluation using data
obtained by applying one range of wavelengths selected
from the group consisting of
RADIO:
MICRO;
FIR:
IR:
NIR-VIS-NUV;
UV;
DUV;
VUV;
EUV;
XRAY.

to said sample system, but not by using data obtained by
applying another range of wavelengths in said group to said
sample system.
Said method comprises the steps of:
a) providing a sample system and a mathematical model
thereof which characterizes the effect said sample sys
tem will exert on electromagnetic radiation caused to
be incident thereupon;
b) providing at least one source of electromagnetic radia
tion, said at least one source of electromagnetic radia
tion having the capability of providing electromagnetic
radiation in at least two ranges selected from the group
consisting of:
RADIO:
MICRO;
FIR:
IR:
NIR-VIS-NUV;
UV;
DUV;
VUV;
EUV;
XRAY.

c) simultaneously or sequentially applying incident elec
tromagnetic radiation from said at least two selected
ranges of electromagnetic radiation to said sample
system Such that after interaction with said sample
system via reflection and/or transmission, electromag

10

15

The step of providing said at least one source of electro
magnetic radiation can involve providing a source of FIR or
IR, and a source of other than FIR or IR wavelength
radiation, at least one of said sources being a part of an
ellipsometer system which provides electromagnetic radia
tion of a known polarization state to said sample system.
The step of providing said at least one source of electro
magnetic radiation, can involve providing a source of NIR
25

VIS-NUV, and a source of other than NIR-VIS-NUV wave

length radiation, at least one of said at least one source being
a part of an ellipsometer system which provides electromag
netic radiation of a known polarization state to said sample
system.
30

35

40

45

The step of providing said at least one source of electro
magnetic radiation can involve providing a source of UV.
and a source of other than UV wavelength radiation, at least
one of said at least one source being a part of an ellipsometer
system which provides electromagnetic radiation of a known
polarization state to said sample system.
The step of providing said at least one source of electro
magnetic radiation can involve providing a source of DUV.
and a source of other than DUV wavelength radiation, at
least one of said at least one source being a part of an
ellipsometer system which provides electromagnetic radia
tion of a known polarization state to said sample system.
The step of providing said at least one source of electro
magnetic radiation can involve providing all wavelengths,
RADIO; MICRO: FIR, IR, NIR, VIS, NUV, UV, DUV, EUV
and XRAY.

The step of providing said at least one source of electro
magnetic radiation can involve providing wavelengths in the
FIR, IR, UV, DUV, EUV and XRAY.
50

55

netic radiation from each of said at least two selected

least one detector sensitive thereto, which at least one

but not by using data in another range of wavelengths in said
group.

ranges of electromagnetic radiation is caused to enter at
detector provides as output data which characterizes the
influence exerted by the sample system on the incident
electromagnetic radiation;
d) simultaneously regressing the mathematical model
onto the data provided by said at least one detector to
the end that the parameters in the mathematical model
are evaluated, including said at least one parameter

RADIO:
MICRO;
FIR:
IR:
NIR-VIS-NUV;
UV;
DUV;
VUV;
EUV;
XRAY.

60
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The step of providing said at least one source of electro
magnetic radiation can involve providing wavelengths from
any combination of Sources of electromagnetic radiation.
The step of simultaneously or sequentially applying inci
dent electromagnetic radiation from said at least two
selected ranges of electromagnetic radiation can involve
obtaining reflection data and/or transmission data.
The step of simultaneously regressing the mathematical
model onto the data provided by said at least one detector
can involve a selection from the group consiting of:
a) point by point evaluation where the parameters in the
mathematical model are evaluated at each wavelength;
b) application of parameterization and evaluation of the
parameters in the mathematical model wherein the
parameters are evaluated simultaneously at a plurality
of wavelengths;
c) use of both the point by point and parameterization
evaluation approaches in a and b.
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Another recital of a disclosed method involves providing
a continuous plot of at least one optical constant of a sample
system system, which at least one optical constant does not
demonstrate discontinuities over a range of wavelengths
from the FIR through the NIR-VIS-NUV. UV and into the
DUV. The method involves regression of a mathematical
model containing said optical constant as a parameter onto
data obtained by application of electromagnetic radiation to
said sample system either simultaneously or sequentially in
the ranges of wavelengths from the IR through the NIR
VIS-NUV. UV, DUV. EUV into the XRAY, and comprises
the steps of:
a) providing a sample system and a mathematical model
thereof which includes said at least one optical con
stant, which mathematical model characterizes the

26
b) proposing a mathematical model of said sample sys
tem, said mathematical model comprising parameters
which enable evaluating a selection from the group
consisting of:
refractive index and-extinction coefficient, and

10

15

effect said sample system will exert on electromagnetic
radiation caused to be incident thereupon;
b) providing at least one source of electromagnetic radia
tion, said at least one source of electromagnetic radia
tion having the capability of providing electromagnetic
radiation in the range of FIR through NIR-VIS-NUV.
UV, DUV, EUV and into the XRAY:

c) simultaneously or sequentially applying incident elec
tromagnetic radiation from said at least one source Such
that after interaction with said sample system via
reflection and/or transmission, electromagnetic radia
tion from each of said ranges of electromagnetic radia

25

and setting parameters which allow determining values for
a selection from the group consisting of:
30

RADIO:
MICRO;
FIR:
IR:
NIR-VIS-NUV;

refractive index and extinction coefficient, and

real and imaginary parts of the dielectric function;
then performing a point by point fit begining in the range
wherein absorption effects are not dominant, Such that a
35

refractive index and extinction coefficient is determined over
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said spectroscopic range.
The parameter which varies with wavelength is typically
plotted as a selection from the group consisting of:
wavelength;
energy; and

XRAY.

Another aspect of the disclosed invention is a method of
determining the optical constants of a sample system com
prising a Substrate with at least one thin film on a surface
thereof, utilizing a spectroscopic beam of electromagnetic
radiation including wavelengths from at least two selections
from the group consisting of

tion

effects are not dominant;

tion is caused to enter at least one detector sensitive

thereto, which at least one detector provides as output
data which characterizes the influence exerted by the
sample system on the incident electromagnetic radia
tion;
d) simultaneously regressing the mathematical model
onto the data provided by said at least one detector to
the end that the optical constants of the sample system
system are evaluated over a plurality of ranges of IR
through NIR-VIS-NUV. UV, DUV. EUV and into the

real and imaginary parts of the dielectric function;
and generating data corresponding to the data in step a from
said mathematical model and effectively displaying said
generated data with said obtained ellipsometric data over the
spectroscopic range;
c) selecting a range in said plots in which substantial
absorption effects, and interference effects are not
present and simultaneously performing regression over
said range to set parameter values in said mathematical
model to values such that the plots of the obtained and
generated data are Substantially the same;
d) fixing the value of at least one parameter obtained in
step c, and setting the range of wavelengths or energy
or wave number to a selection from the group consist
ing of
the entire obtained spectroscopic range; and
a portion-of the spectroscopic range including the range
in which absorption effects are dominant and a
portion of the spectroscopic range in which absorp

wave number.
Another recitation of a disclosed invention method of
45

50

DUV;

determining the optical constants of a sample system com
prising a substrate with at least one thin film on a surface
thereof, utilizing a spectroscopic beam of electromagnetic
radiation, comprising the steps of
a) obtaining ellipsometric data over a range of spectro
Scopic wavelengths and displaying said data as an
ellipsometric parameter vs. a selection from the group
consisting of:
wavelength;
energy.

wave number;
EUV;
XRAY.

said method comprising the steps of:
a) obtaining ellipsometric data over a spectroscopic range
and displaying said data as an ellipsometric parameter
vs. a parameter which varies with wavelength, said plot
being characterized by a range corresponding to longer
wavelengths in which at least one thin film is Substan
tially transparent and a range corresponding to shorter
wavelengths in which said plot demonstrates absorp
tion effects and typically interference resulting from
reflections from the surface and at least one thin layer
interface therebelow:

55
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said plot being characterized by a range corresponding to
longer wavelengths in which said at least one thin film is
Substantially transparent and a range corresponding to
shorter wavelengths in which the plot demonstrates absorp
tion, and the results of interference resulting from reflections
from the surface and at least one thin layer interface ther
ebelow:

65

b) proposing a mathematical model of said sample sys
tem, said mathematical model comprising, and param
eters which allow evaluating a selection from the group
consisting of:
refractive index and extinction coefficient;

real and imaginary parts of the dielectric function;
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as fit parameters, and generating data corresponding to the
data in Stepa, from said mathematical model and displaying
said generated data with said obtained ellipsometric data
over the spectroscopic range;
c) selecting a range of wavelengths or energy or wave
number in which Substantial absorption and minimal
interference effects are not present and simultaneously
performing regression over said range of wavelengths
or energy or wave number to set parameter values in
said mathematical model to values such that the plots of
the obtained and generated data are substantially the

5

10

Same:

d) fixing at least one parameter value obtained in step c.
and setting the range of wavelengths or energy or wave
number to include at least Some the obtained data range
in which absorption, and minimal interference effects
are present in the obtained data, and setting parameters
Selected from the group consisting of:

selected from: RADIO; MICRO FIR: IR; NIR-VIS
NUV: UV; DUV; VUV; EUV; and XRAY: to interact
15

refractive index and extinction coefficient; and

real and imaginary parts of the dielectric function;
as fit parameters...then performing a point by point fit begin
ing at long wavelength, (ie. low energy or wave number),
such that a refractive index and extinction coefficient is

determined at each wavelengths or energy or wave number
over the range of the obtained data wherein absorption
effects are not dominating and at minimal interference
effects are present.
Step d can be performed at least one additional time with
the range of wavelengths or energy or wave number set to
include more of the obtained data range in which minimal
interference effects are present in the obtained data, or the
entire obtained data range in which interference effects are
both present and not present in the obtained data. The
determination as to when use the whole range of obtained
data is determined based on results determined by trying it.
If the point by point fit does not provide good results when
the whole range of data is selected, then Smaller steps into
the range of data wherein absorption effects are not domi
nating and interference efects are present must be used.
The mathematical model can often be beneficially set to
comprise a Cauchy or Sellemier function to represent the
thin film in the transparent region of wavelengths.
It can also be beneficial to provide ellipsometric data
obtained at at least two angles of incidence.
The method can further comprises saving the optical
constants determined over the entire range of wavelengths or
energy or wave number etc., and replacing the mathematical
model of the thin layer with a mathematical model which
allows fitting the refractive index or the imaginary part of the
dielectric function with Mathematical Dispersion Models
Such as Kramers-Kronig consistent oscillators, plotting said
refractive index or imaginary part of the dielectric function
and fitting said refractive index or imaginary part of the
dielectric function with at least one Mathematical Disper
sion Model and performing a regression to evaluate param

25
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with said sample system and enter a detector;
b) determining a range of wavelengths over which said
thin film is Sunstantially transparent and determining
the thickness of said thin film utilizing ellipsometric
data obtained in said region by applying a Cauchy or
Sellmeier optical model and a square error minimizing
regression to evaluate parameters therein;
c) fixing the thickness determined in step b, and obtaining
a preliminary set of optical constants comprising:
(e1(W)+ie2(W)
by point by point fitting to data across the entire measured
spectral range, and saving the resulting data;
d) while maintaining thickness fixed, applying at least one
mathematical dispersion model to said saved results
and evaluating parameters therein via regression onto
the e2(W) data only,
e) while maintaining thickness fixed and using the results
obtained in step d as initial conditions, performing a
regression onto (e1(W)+ie2(W)) data;
f) applying a global regression onto at least e2(W) data to
fit all parameters, including thickness, over the entire
spectral range;
g) modifying the mathematical model and repeating steps
a-fat least once.

40

Parametric Dispersion models can be selected from the
non-limiting group consisting of Cauchy; Cauchy--Urbach
absorption: Sellmeier Oscillator, (Zero broadened); Lorentz
Oscillator; Gaussian Oscillator; Harmonic Oscillator; Drude

45

Oscillator; Tauc-Lorentz Oscillator; Cody-Lorentz Oscilla
tor; Tanguay; Ionic Oscillator; TOLO; Gauss-Lorentz Oscil
lator; Gauss-Lorentz Oscillator Asymetric Doublet (Glad)
Oscillator; Herzinger-Johs Parametric Semiconductor Oscil
lator Model; Psemi-Eo oscillator, Critical Point Parabolic

50

band (CPPB); Adachi Oscillator Model; Pole:
where the Oscillators are preferably Kramer-Kronig consis
tent.

55

eters in said mathematical model.

The method can also further comprise saving determined
optical constants over the entire range of wavelengths or
energy or wave number, and replacing the mathematical
model of the thin layer with a mathematical model which
allows fitting the refractive index and extinction coefficient
or the real and imaginary parts of the dielectric function with
Mathematical Dispersion Models such as Kramers-Kronig
consistent oscillators, plotting said refractive index or imagi
nary part of the dielectric function and fitting said refractive
index or imaginary part of the dielectric function with at

28
least one oscillator, and performing a regression to simul
taneously evaluate refractive index and extinction coeffi
cient or real and imaginary parts of the dielectric function
parameters in said mathematical model.
Another method of determining the optical constants of a
sample system comprising a Substrate with a thin film on a
Surface thereof, utilizing a spectroscopic beam of electro
magnetic radiation, comprises the steps of
a) obtaining spectroscopic ellipsometric data for said
sample system at at least one angle of incidence by
causing a spectroscopic beam of electromagnetic radia
tion including wavelengths from at least two ranges

(Note, said Oscillator Structures are described in the J.A.
Woollam Co. WVASE Manual, which is incorporated by
reference herein. (WVASE is a Registered Tradeamrk of the
J.A. Woollam Co. Inc.).
The method can further comprise including parameters in
said mathematical model which characterize at least one

60
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selection from the group consisting of:
Surface roughness;
optical constant grading:
anisotropy;
at least one interface layer,
thin film composition, (EMA):
said thin film composition being characterized by at least
one selection selected from the group consisting of
thin film porosity;

US 7,385,697 B2
29

30
sample system processing and using said data to predict
results at another time, and then proceeding Vith application
of a regression procedure to bring the predicted result into
agreement with data. The outer Surface material is modeled
mathematically by analytic model Fresnel equations. Said
method can be generally understood as comprising the steps

alloy ratio:
thin film crystalinity;
depolarization factor.
The method can further comprise including parameters in
said mathematical model which characterize thin film com

position, and said Effective Media Mathematical-Model can
be selected from the group consisting of

of:

Lorentz-Lorenz.
Maxwell-Garnett;

Bruggeman;

10

Linear.

The method can further comprise including parameters in
said mathematical model which characterize sample system
anisotropy and/or optical constant grading.
The method can further comprise including parameters in

15

said mathematical model which characterize at least one

selection from the group consisting of:
thin film non-uniformity;
electromagnetic beam wavelength bandwidth spread;
spread in electromagnetic beam angle of incidence.
The method can further comprise including parameters in
said mathematical model which characterize sample system
caused incoherent effects, including reflections from that
back of transparent sample systems.
The method can further comprise including parameters in
said mathematical model which characterize sample system
composition effects (eg. alloy ratios).
The method can further comprise including parameters in
said mathematical model which characterize sample system
caused incoherent effects based upon patterns being present
thereupon and reflections from interfaces and back Surfaces
of transparent sample systems.
The method can further comprise including parameters in
said mathematical model which characterize sample system
caused rotary effects.
The method can further comprise including parameters in
said mathematical model which characterize magneto-optic
or electro-optic effects on a sample system.
The method can further comprise including parameters in
said mathematical model which characterize sample system
temperature effects.
The method can further comprise selecting staring num
bers for parameters in the mathematical model which are
input to the regression procedure by a method that tests
mean square error after a small number of itterations for a
Segence of starting values.
Data utilized by the disclosed invention to determine
sample system PSI or DELTA can be characterized by being:
obtained from multiple sample systems;
obtained at multiple angles-of-incidence (AOI's);
obtained at multiple sample system orientations;
obtained using focused or unfocused beam;

RADIO:
MICRO;
FIR:
IR:
NIR-VIS-NUV;
UV;
DUV;
VUV;
EUV;
XRAY.
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a") in conjunction with the foregoing steps, providing a
system of variable parameter containing analytic equa
tions which describe interaction of electromagnetic
radiation with a layered material system;
b) utilizing said sufficient ellipsometric data obtained in
step a' and said system of variable parameter containing
analytic equations provided in a", to predict ellipso
metric characterization of said article at a prediction
time which is different from either of said at least two

45
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obtained in-situ or ex-situ;

obtained as a function of temperature;
obtained as a function of magnetic or electric field.
The foregoing assumes that a mathematical model of a
sample system, which contains parameters to be evaluated,
can be postulated prior to performing a regression procedure
onto acquired data. While inclusive of the foregoing teach
ings, the disclosed invention is not limited to application in
said case, and further includes a method of ellipsometrically
characterizing Surface material present on an article manu
factured by the deposition or removal of material, to or from,
a process Substrate, said method requiring no explicit knowl
edge of prior process Substrate composition. That is, the step
of providing a mathematical model can be replaced by the
step or steps of obtaining data at at least two times during

a) providing a material deposition and/or removal cham
ber, and an ellipsometer system configured with respect
thereto so as to, in use, cause a beam of electromagnetic
radiation to impinge upon an article therewithin during
a procedure in which material deposition to, or removal
from, a process Substrate is caused to occur over a
period of time:
a') at at least two times causing said ellipsometer system
to cause a beam of electromagnetic radiation to
impinge upon the article such that sufficient ellipso
metric data to evaluate variable parameters which char
acterize the optical response of the article is acquired,
said data being characterized by:
it is acquired at at least two wavelengths, each selected
from a different range in the group consisting of:

55
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times of step a:
c) during material deposition or removal, to or from, a
process Substrate, obtaining ellipsometric data at a time
corresponding to the prediction time of step b, and
d) utilizing said ellipsometric data obtained in step c in a
minimization algorithm to provide values for the vari
able parameters in at least one selection from the group
consisting of:
said variable parameters in said variable parameter
containing analytic equations which describe inter
action of electromagnetic radiation with a layered
material system provided in step a"; and
said variable parameters identified in step a' which
characterized the optical response of the article;
at said prediction time in step b:
and interpreting the resulting values for said variable param
eters to characterize surface material of said article at the

time data was obtained in step c.
A more specific recital of the disclosed invention method
of characterizing the outermost material of an article manu
factured by the deposition or removal of material, to or from,
a process Substrate, without explicit knowledge of any
previously deposited underlying layers, comprises the steps
of:
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a) providing a material deposition or removal chamber
and an ellipsometer system configured with respect
thereto So as to, in use, cause a beam of polarized
electromagnetic radiation to impinge upon a process
substrate therewithin during a procedure in which 5
material deposition or removal upon said process Sub
strate is caused to occur over a period of time;
a') obtaining ellipsometric data during material deposition
or removal upon said process Substrate at three distinct

32
model for the outermost material deposition or
removal that occurs between (t3) and (t2), and (t3)
..and (tA);
at time (ta), using the ellipsometric data acquired at
times (t1) and (t3), and a parameterized optical
model for the outermost material deposition or
removal that occurs between (ta) and (t1), and (tA)
and (t3);
c) determining the optical model parameters which char
acterize the outermost layer(s) by minimizing the dif
times (t1), (t2), and (t3);
10
ferences between the ellipsometric data calculated at
b) using a system of analytic equations which are derived
times (t1), (t2), (t3), and (tA) by the analytical equations
from the exact Fresnel equations that describe the
in b) and the ellipsometric data measured at times (t1),
interaction of electromagnetic radiation with a layered
(t2), (t3), and (tA) using a minimization algorithm.
material system, Such analytic equations not requiring
any knowledge of the underlying layer structure pre- 15 The following recites the disclosed invention methodol
viously deposited on the sample system, calculating ogy for the case in which data is obtained at more than three
ellipsometric data at time (t3), using the ellipsometric different times.
A method of characterizing the outermost material of an
data acquired at times (t1) and (t2), and a parameterized
optical model for the outermost material deposition or article manufactured by the deposition or removal of mate
to or from, a process Substrate, without explicit knowl
removal that occurs between (t1) and (t3), and (t2) and 20 rial,
edge of any previously deposited underlying layers, com
(t3);
c) determining the optical model parameters which char prising the steps of
a) providing a material deposition or removal chamber
acterize the outermost layer(s) by minimizing the dif
and an ellipsometer system configured with respect
ference between the ellipsometric data calculated at
thereto so as to, in use, cause a beam of polarized
time (t3) by the analytical equations in b) and the 25
electromagnetic radiation to impinge upon a process
ellipsometric data measured at time (t3), using a mini
substrate therewithin during a procedure in which
mization algorithm.
material
deposition or removal upon said process Sub
Note that the foregoing method specifically requires that
strate
is
caused
to occur over a period of time;
data be obtained at Three (3) different times. The following 30 a') obtaining ellipsometric
data during material deposition
recites disclosed invention methodology for the case in
or
removal
upon
said
process
Substrate at at least three
which data is obtained at Four (4) different times.
distinct
times
{t1,
t2,
t3.
.
.
tin;
A method of characterizing the outermost material of an
b) using a system of analytic equations which are derived
article manufactured by the deposition or removal of mate
from the exact Fresnel equations that describe the
rial, to or from, a process Substrate, without explicit knowl 35
interaction of electromagnetic radiation with a layered
edge of any previously deposited underlying layers, com
material system, Such analytic equations not requiring
prising the steps of
any knowledge of the underlying layer structure pre
viously deposited on the sample system, calculating
a) providing a material deposition or removal chamber and
ellipsometric data:
an ellipsometer system configured with respect thereto So as
at one time selected from the set of ellipsometric data
to, in use, cause a beam of polarized electromagnetic radia 40
points chosen in a'), using the ellipsometric data
tion to impinge upon a process Substrate therevithin during
acquired at two other times from the set of ellipso
a procedure in which material deposition or removal upon
metric data points chosen in a'), and a parameterized
said process Substrate is caused to occur over a period of
optical model for the outermost material deposition
time;
or removal that occurs between the selected times;
a') obtaining ellipsometric data during material deposition 45
optionally
at additional times selected from the set of
or removal upon said process Substrate at four distinct
ellipsometric
data points chosen in a'), using the
times (t1), (t2), (t3), and (tA);
ellipsometric
data
acquired at two other times from
b) using a system of analytic equations which are derived
the
set
of
ellipsometric
data points chosen in a"), and
from the exact Fresnel equations that describe the 50
a
parameterized
optical
model for the outermost
interaction of electromagnetic radiation with a layered
material
deposition
or
removal
that occurs between
material system, Such analytic equations not requiring
the
selected
times;
any knowledge of the underlying layer structure pre
c) determining the optical model parameters which char
viously deposited on the sample system, calculating
acterize the outermost layer(s) by minimizing the dif
ellipsometric data:
55
ferences between the ellipsometric data calculated at
at time (t1), using the ellipsometric data acquired at
the selected times by the analytical equations in b) and
times (t2) and (tA), and a parameterized optical
the ellipsometric data measured at the selected times
model for the outermost material deposition or
using a minimization algorithm.
removal that occurs between (t1) and (t2), and (t1)
The minimization algorithm can be implemented by non
and (tA);
60 linear regression, and preferably the minimization algorithm
at time (t2), using the ellipsometric data acquired at is the Levenberg-Marquardt method.
times (t1) and (t3), and a parameterized optical
The optical model for the outermost material deposition
model for the outermost material deposition or or removal can be parameterized by at least one of the
removal that occurs between (t2) and (t1), and (t2) parameters from the selected list:
and (t3);
65 the material deposition rate,
at time (t3), using the ellipsometric data acquired at
the material removal rate,
times. (t2) and (tA), and a parameterized optical
the optical constants of the outermost material,
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the Surface roughness of the outermost material.
The process substrate can be of a shape selected from the
group consisting of
comprising a planar Surface;
of an arbitrary shape.
It is also within the scope of the disclosed invention to
provide a wittness sample system onto which material is
deposited, said wittness sample system having a relatively
thick transparent material thereupon onto which said mate
rial is deposited. Threason for this is that ellipsometry is far
more sensitive to ultrathin deposited layers when they are
deposited onto Such a wittness sample system.
Finally is is to be understood that the method step of
obtaining ellipsometric data can be characterized by at least
one selection from the group consisting of:
it is acquired at a single wavelength;
it is acquired at a more than one wavelength;
it is acquired at a a single angle of incidence;
it is acquired at at least two angles of incidence of the
ellipsometric electromagnetic beam to the Surface of
the process Substrate.
For the purpose of the presently disclosed invention, how
ever, wavelenghts from at least two ranges selections from
the group consisting of:
RADIO:
MICRO;
FIR:
IR:
NIR-VIS-NUV;
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d) obtaining spectroscopic data from said second sample
system as it is fabricated and in real time detecting
differencs in said spectra as compared to the corre
sponding reference sample system spectroscopic data;
and

e) modifying fabrication parameters to minimize said
differences.
10

15

S=Sin(2U)Sin (A).
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are utilized.

It is also disclosed that where investigated films are very
thin, (eg. less than 100 Angstroms), it becomes difficult to
identify content in spectroscopic data which is definitely
correlated to thin film characterizing parameters, such as

40

dielectric constant and/or thickness. The disclosed invention

comprises a method of investigating a sample’system com
prised of at least one thin layer of material on a Substrate,
which thin layer has a thicknesses on the order of less than
about 100 Angstroms. One embodiment of said method
comprises the steps of:
a) providing two sample systems, at least one of which
comprises at least one thin layer of material thereon;
b) obtaining ellipsometric data for.each of the sample
systems;

c) subtracting the obtained spectra from one another;
d) analyzing the difference spectra obtained in step c to
identify thin film characterizing aspects which are not
easily identifiable in the step b spectra.
An application of the disclosed invention is in real time
fabrication of sample systems comprising a sequence of high
and low “K” dielectric constant layers of materials which
have thicknesses on the order of 100 Angstroms, said
method comprising the steps of
a) fabricating a reference sample system which comprises
a sequence of high and low “K” dielectric constant
layers;
b) obtaining spectroscopic data therefrom as said refer
ence sample is fabricated;
c) fabricating a second sample system which is meant to
be the same as the reference sample:

It is also noted that typical, though non-limiting, thin
layers on a sample system which has a sequence of high and
low “K” dielectric constant layers present thereupon, can
comprise at least one selection from the group consisting of
SiO:
SiON:
HfO;

DUV;
EUV;
XRAY.

Said method is preferably, though not limited to, utilizing
spectroscopic data which corresponds to, or is derived from
Ellipsometric PSI (1) and/or DELTA (A) vs. Wavelength. As
discussed in more detail in the Detailed Description Section
of this Specification, N, C and S parameters, which are
derived from PSI (1) and DELTA (A) are often easier to
utilize, said N. C and S being:

45
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HfO-SiO,
Another example of the disclosed invention method pro
vides that where a thin film being formed on a sample
system substrate is to be monitored during its formation, a
witness sample system is also provided onto which the same
thin film is formed. The witness sample system is monitored
and results obtained thereform are used to characterize the

thin film on the sample system Substrate. Importantly, the
witness sample system need not be of the same composition
as is the sample system Substrate. In fact, it has been found
very beneficial to intentionally provide a witness sample
system which comprises a thick dielectric, (eg. greater than
about 250 Angstroms and preferably greater than 1000
Angstronims), onto which the thin film is deposited. It is
found that a very benefical method for evaluating thickness
of an ultrathin film then comprising the steps of
a) providing a system comprising an optically absorbing
Substrate with a layer of optically transparent material
on a surface thereof which is greater than about 250
Angstroms deep;
b) causing a beam of spectroscopic electromagnetic radia
tion to impinge on said Surface of said optically trans
parent material at an oblique angle, interact with said
system and via a detector determining spectroscopic
ellipsometic PSI (1) and DELTA (A), and therefrom
calculating at least one selection from the group con
sisting of:
NFCos(21);

C-Sin(21)cos(A):
60

65

S–Sin(21)Sin (A):

c) depositing an ultrathin film of absorbing material on a
Surface of said layer of optically transparent material
and again causing a beam of spectroscopic electromag
netic radiation to impinge on said Surface of said
optically transparent material at an oblique angle, inter
act with said system and via a detector obtaining
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spectroscopic ellipsometic PSI () and DELTA (A),
and therefrom calculating at least one selection from
the group consisting of:
N-Cos(21):
C-Sin(2).Cos(A):
S.Sin(2)Sin(A):

d) over a spectroscopic range of wavelengths determining
a parameter vs. wavelength which depends on at least
one difference selected from the group consisting of:

10

(NA-No)
(CA-Co.); and

15
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Compensator (C) which act on beam (PPCLB) to impose a
known polarization state thereupon. A Lens (AL1) can be
present to focus the beam (PPCLB) onto a Sample (MS)
which is set atop a Stage (STG). The Polarization State
Detector Systems (PSD) each optionally comprise a Com
pensator (C) (C), and Analyzer (A) and a Data Detectro
(DET) which intercepts an Analyzed baem (EPCLB). Also
shown are optional Lenses (AL2) and (AL3) which can be
applied to re-collimate electromagnetic radition, when
optional Lens (AL1) is present, after interaction with the
Sample (MS). In use a beam of electromagnetic radiation in
a known polarization state is caused to interact with a sample
system, and after said interaction the polarization state is
detected. Change in said Polarization State is determinative
of well known ellipsometric PSI () and ellipsometric
DELTA (A), which are related to orthogonal components of

said beam r, and r, as:

e) using peaks in the parameter determined in step d to
evaluate thickness of the ultrathin film.

The parameter determined in step d can be an RMS value
calculated from:

(N - No) + (CF – C.) + (Sf -S.):

25
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Note that the just recited example can be benefically
applied to the case where a MOSFET Gate metalization is
being deposited to a Substrate on which is present less than
100 Angstroms of Gate Oxide or other Gate insulator
material. The Witness Sample, having a much thicker layer
of Oxide or other Insulator, enables acquisition of a spectra
which makes the detection of the thickness of the deposited
metal much more pronounced. The effect is demonstrated
graphically in the Detailed Description Section of this
Specification, using Amorphous Silicon and Amorphous
Carbon thin films on thick transparent dielectric.
The disclosed invention will be better understood by
reference to the Specification in conjunction with the Draw
ings, and the Claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 show a typical ellipsometer system.
FIG. 2 shows the presence of an ellipsometer system in an

45

environmental control chamber.

FIGS. 3a and 3b demonstrate postulated Dielectric Func
tion results obtained over a large range of wavelengths
conventionally, and by present invention methodology,
respectively.
FIG. 4 show Oscillator Structures applied to model a

50

Said Oscillator Structures, and more, are described in the
J.A. Woollam Co. WVASE32 Manual and Addendums,

Dielectric Function.

FIGS. 5, 6a, 6b and 7a-7p demonstrate application of the
J.A. Woollam CO. GENOSCTM Layer to evaluate thin layer
optical constants with Kramers-Kronig consistant Disper
sion Relationships.
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DETAILED DESCRIPTION
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FIG. 1 show a typical ellipsometer system. Indicated are
a Polarization State Generation System (PGS), and Polar
ization State Detector Systems (PSD) in both Reflective and
Transmission Mode orientations. Note that the Polarization

State Generation System (PGS) comprises a Source (LS) of
electromagnetic radiation, a Polarizer (P) and optionally a

FIG. 2 shows the presence of an ellipsomete system in an
Environmental Control Chamber (IV), which can be applied
in in-situ work. Co-ordinated with FIG. 1, note the presence
of a Polarization State Generation System (PGS), and a
Polarization State Detector System (PSD) oriented in
Reflective Mode. Note that the Sample (S) can be present in
a common intenal area (SRI) with said Polarization State
Generation System (PGS), and a Polarization State Detector
System (PSD), or the (PSG) and (PSD) can be in separately
controled regions, with Windows (AC2) and (AC1) acting as
separation barriers which are transparent to wavelengths
used. Note that (AC1M) (AC2M) and (AC3M) are indicated
as means to control the atmosphere inside associated
regions. FIG. 2 is shown as the disclosed invention utilizes
a large range of wavelengths, and wavelengths in the (IR)
and (VUV) ranges, for instance, are absorbed by water
vapor. Means to avoid said problem is therefore necessary.
FIGS. 3a and 3b demonstrate a postulated Dielectric
Function over a large range of wavelengths. Note that the
FIG. 3a plot demonstrates jumps where different systems
were used to obtain data. Typically reported data demon
strates such gaps as data from each system evaluated sepa
rately. FIG. 3b shows postulated results obtainable by prac
tice of the disclosed invention wherein a single regression
for all data over the entire range of wavelengths is subjected
to a single regression procedure onto a mathematical model.
The jumps in the locus of the FIG. 3b plot are smoothed to
provide a more realistic result.
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which are incorporated by reference herein. (WVASE32 is
a-Registered Tradeamrk of the J.A. Woollam Co. Inc.).
FIG. 4 demonstrates how placing Oscillator Structures
appropriately in a Dielectric Function allows modeling it as
a sum of said Oscillator Structures at each wavelength. The
outer plot results from the sum of seven Psemi oscillators.
Dielectric Function plots known over a Spectroscopic Range
can be modeled by placing Oscillator Strurctures of appro
priate shape at appropriate locations under, for instance, the
imaginary part of thereof Such that Summation of their
contributions at each wavelength results in said Dielectric
Function. The Oscillator Structures are Kramers-Kronig
consistant, hence modeling the Imaginary part allows cal
culation of the real part.
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Example of Application of the J.A. Woollam Co
GEMOSCTM Layer

As an example of application of the J.A. Woollam CO.
GEMOSCTM Layer, which was mentioned in the Disclosure
Section of this Specification, the following simple Analysis
of a SiNX film is presented. Generally, the GENOSC
approach is applicable to analysis of thin films which are,
transparent in one wavelength range and absorbing in
another, (eg. transparent at visible wavelengths but demon
strating significant absorption at UV wavelengths). The
approach is applicable to modeling:
which expressions are mathematically identical
In that light it is disclosed that amorphous SiNX films are
often transparent in the near-infrared (NIR) and throughout
the most of the visible (VIS) spectra. Above the Bandgap.
the UV of the e2(W) curve often demonstrates broad bulging
curvature as can be modeled by a Tauc-Lorentz Dispersion

10

15

function.

The Analysis Strategy for applying the GENOSC Layer is
based in the realization that where a film is transparent over
a portion of its measured spectral range, it is usually possible
to accurately determine the film's thickness in that range.

25

Further, once the film thickness is determined from one

protion of a spectral range, it is often possible to determine
the optical constants thereof over the entire measured spec
tral range. The strategy for analysis of sample systems using
the J.A. Woollam CO. GEMOSCTM Layer is:
1. Determine the Thickness of the Layer

30

For instance, a film thickness can be determined in the

NIR and VIS wavelength regions using a Cauchy or Sell
meier Optical Model.
2. Obtain Preliminary Optical Constants for the Entire
Measured Spectral Region
Fix the Thickness, and possibly other fit parameters and
obtain a preliminary set of Optical Constants from a Wave
length by Wavelength (eg. point by point), fit to data across
the entire measured spectral range, then save the results.
3. Fit Tauc-Lorentz Oscillator to Step 2 Data Point by Point
Invoke the GENOSC Layer and Fit the defining param
eters, of appropriate Oscillator Structure(s) appropriately
positioned in the e2(W) plot, (eg. Amplitude (AM) and
Broadening (BR)) of a Tauc-Lorentz Oscillator, to model the
preliminary set of Optical Constants obtained in Step 2. The
initial fit is acomplished via regression onto the e2(W) data
only, and using initial conditions determined therereby in a
fit to both e1(W) and e2(W) data.
4. Fit Thickness and Tauc-Lorentz Model Parameyers
Simultaneously to the Ellipsometric Data
Fit letting the Thickness float along with Oscillator Struc
ture definging Parameters
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6. Itterate

Repeat Steps 2-5 using the model developed in Step 5 as
a starting model.
(It is noted that the terminology “Fit” indicates a mathemati
cal procedure. Such as squre error minimizing based-regres
Sion, wherein mathematical model parameters are assigned

the results are as shown in FIGS. 7b and 7c.

FIGS. 7d and 7e show Plots of PSI (I) and DELTA(A) after
the regression, and FIG. 7f demonstrates that the Film
Thickness is evalutated as 224.39 Angstroms. Note that the
fit to arrive at said Thickness was over the range of about
300 to 1800 nm, the region in which the Film was trans
parent. Similar results were obtained using the Sellemier
(GENOSC Layer) approach but are not shown.
With the Thickness evaluated, the next step is to fix the
value of the Thickness, and then while still utilizing the same
Model, (eg. Cauchy or Sellmeier Model), do a point by point
fit beginning at the Long Wavelength and working toward
the shorter Wavelength portion of the wavelength range,
including below 300 nm where FIG. 5 shows the results get
more complex. This can be done all at once, but usually is
done is a sequence of steps, each projecting a bit further into
the range where the results are more complex, (eg. below
300 nm in FIG. 5). If the Point-by Point fit is attempted over
the entire range of wavelengths all at once it often occurs
that a good fit is not realized in the more complex region of
the wavelength spectrum, (eg. below 300 nm in FIG. 5), but
where Small portions of the more complex wavelength
spectrum region are sequentially incorporated each of which
project further and further into the more complex region, a
good fit can be achieved over the entire wavelength spec
trum. FIGS. 7g and 7h demonstrate results obtained by the
described Point by Point Procedure, and FIG.7i shows the
Optical Constants (n) and (k) wheih can be extracted there
from. Said Optical Constants, determined as described, are
then saved.

5. Refine the Model

Add refinements to the model in Step 4, such as surface
roughness, grading, additional oscillator structures etc.).

38
values so that calculations based thereon match the empiri
cally obtained data being modeled).
Turning now to FIG. 5, there is shown, for 60 and 75
degrees Angle-of-Incidence, experimentally obained ellip
sometric PSI () and DELTA (A) data over a spectroscopic
range of 190 to 1650 nm for the sample system of interest
in this demonstration which comprises a SiNX film on a
Silicon Substrate. With said data available. It is possible to
determine the Thickness of the SiNX Film using a Cauchy or
Sellmeier Layer. It is noted that over the Wavelength Range
of from 400 to 1700 nm, the film is substantially transparent,
and Thickness is determined utilizing this range. Using the
J.A. Woollam Co. WVASE32 Software a Sample Model is
developed comprising a Silicon Substrate with a Cauchy or
Sellmier Layer atop thereof. Said WVASE32 Software pro
vides a separate Cauchy Layer, but the Sellmeier Layer is
accessed via the GENOSC Layer. FIGS. 6a and 6b show
how said Models appear on a WVAS32TM Screen. Where the
Cauchy Model is used FIG. 7a demonstrates a WVAS32TM
Screen which allows identifying what parameters are fit.
Note that Anc and Bnc, which are Cauchy Parameters, and
Thickness are fit, with initial values therefore being set to 2,
0.01 and 400 Angstroms, respectively. Before the regression
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To this point the work has utilized a Cauchy or Sellemier
Dispersion Model. At this point the procedure, changes and
replaces the Cauchy Layer with a GEMOSCTM Layer. If the
Sellemier Dispersion Model was utilized, this step involves
replacing it with a new GEMOSCTMLayer that comprises at
least one Kronig-Krammer Oscillator Sturcture. In either
case, the procedure continues with positioning said at least
one Kronig-Krammer Oscillator Stucture in the Imaginary
Part (e2) of the Dielectric Function. FIGS. 7i and 7k show
WVASE32 Screens during application of a Tauc-Lorentz
Oscillator before and after, respectively a fit is performed,
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respectively, to the Imaginary Part (e2) of the Dielectric
Function. FIGS. 7i and 7m demonstrate the before and after

40
b) proposing a mathematical model of said sample sys
tem, said mathematical model comprising parameters
which allow determining a selection from the group
consisting of:

WVASE32 Screen results achieved by simultaneously fitting
both the Kronig-Krammer related Real (e1) and Imaginary
refractive index and extinction coefficient, and
(e2) parts of the Dielectric Function, using results obtained 5
by fitting the Imaginary part (e2) as starting values. FIGS. 7n
real and imaginary parts of the dielectric function;
and 7o show the PSI () and DELTA (A) corresponding the and generating data corresponding to the data in step a and
effectively displaying said generated data from said math
the FIGS. 7i and 7m plots.
The procedure continues by performing a global fit of the ematical model;
c) selecting a range in said plots in which absorption
Tauc-Lorentz Oscillator and Film Thickness to the data. The 10
effects are not dominant, and simultaneously perform
results appear very similar to those in FIGS. 7n and 7o, but
ing regression over said range to set parameter values
the Fit Parameter values are slightly change, such as the
in said mathematical model to values such that the plots
Thickness value is evaluated as 223.75 Angstroms.
of the obtained and generated data are substantially the
The Model achievd in this example is already very good, 15
Same:
however, close inspection of the wavelength region below
d) setting the range of wavelengths to a selection from the
about 245 nm indicates some descrepency between experi
group consisting of
mental data and model fit in the PSI (I) data. Further, close
the
entire obtained spectroscopic range; and
inspection of e1 data in FIG. 7l shows divergence between
a portion of the spectroscopic range including the range
experimental data and results derived from the model at the
in which absorbtion effects are dominant and a
longer wavelengths. Addition of a Pole has been found to
portion of the spectroscopic range in which absorp
minimize said descrepency. The GEMOSCTM Layer allows
tion effects are not dominant;
addition of a Pole and when starting values therefore are set
to llev and a Magnitude of 1.0, and a fit to e1 and e2 data then performing a selection from the group consisting of
a point by point fit begining in the range in which
performed, FIG. 7p shows improved fit as compared to the
absorption effects are not dominant, such that refractive
fit in FIG. 71. With this done, the GENOSETM Layer can be 25
index and extinction coefficients or real and imaginary
closed and another Normal Global Fit peformed to provide
parts of the dielectric function are determined over said
slightly better PSI (1) and DELTA (A) plots, which actually
Selected spectroscopic range; and
look very much like the plots in FIGS. 7n and 7o.
a
simultaneous
global regression using wavelengths both
The GEMOSCTM Procedure can be subjected to a second 30
inside
and
outside
the spectroscopic range in which
and additional itterations if results indicate. Further, it
absorption effects are not dominant, such that refractive
should be understood that the demonstrated GENOSETM
index and extinction coefficients or real and imaginary
procedure was for a simple case where one Tauc-Lorentz
parts of the dielectric function are determined over said
Oscillator Structure was sufficient to fit the data. More usual
spectroscopic range; and
situations require the simultaneous application of a plurality 35 e) Selected
diplaying at least some determined optical constant
of Oscillator Structures.
data over at least a portion of said spectroscopic range.
It is to be apprecuated that the terminology “Sample
2.
method of determining the optical constants of a
System” as used in this Specification can mean a Substrate sampleA system
comprising a substrate with at least one thin
perse., or a Substrate with one or more Thin Films on its film on a Surface thereof, utilizing a spectroscopic beam of
surface, and the terminology "Optical Constants’ can refer 40 electromagnetic radiation, comprising the steps of
to those of a Substrate perse. or to those of one or more Thin
a) obtaining ellipsometric data over a range of spectro
Films.
scopic wavelengths between FIR to VUV and display
Having hereby disclosed the subject matter of the present
ing said data as an ellipsometric parameter vs. a param
invention, it should be obvious that many modifications,
eter which varies with wavelength, said plot being
Substitutions, and variations of the present invention are 4s
characterized by a range corresponding to longer wave
possible in view of the teachings. It is therefore to be
lengths in which said sample system is substantially
understood that the invention may be practiced other than as
transparent and a range corresponding to shorter wave
specifically described, and should be limited in its breadth
lengths in which the plot demonstrates the effects of
and scope only by the Claims.
absorption;
50
b) proposing a mathematical model of said sample sys
tem, said mathematical model comprising parameters
We claim:
allowing determining a selection from the group con
1. A method of determining the optical constants of a
sisting of:
sample system comprising a Substrate with at least one thin
refractive index and extinction coefficient; and
film on a Surface thereof, utilizing a spectroscopic beam of ss
real and imaginary parts of the dielectric function;
electromagnetic radiation, comprising the steps of
as parameters, and generating data corresponding to the data
a) obtaining ellipsometric data over a spectroscopic range in step a from said mathematical model, and effectively
between FIR and VUV wavelengths and displaying displaying said generated data with said obtained ellipso
said data as an ellipsometric parameter vs. a parameter metric data over the spectroscopic range;
which varies with wavelength, said plot being charac- 60 c) selecting a spectroscopic range of wavelengths in
terized by a range corresponding to longer wavelengths
which absorption effects are not dominant and simul
taneously performing regression over said spectro
in which said sample system is substantially transparent
Scopic range to set parameters in said mathematical
and typically demonstrates effects of interference
resulting from reflections from the surface and at least
model to values such that the plots of the obtained and
generated data are Substantially the same;
one thin layer interface therebelow, and a range corre- 65
sponding to shorter wavelengths in which said plot
d) fixing the value of at least one parameter determined in
step c, and setting the spectroscopic range to the full
demonstrates dominant absorption effects;
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range of the obtained data then performing a selection
from the group consisting of:
a point by point fit begining in the transparent range
such that refractive index and extinction coefficients

or real and imaginary parts of the dielectric function
are determined over said spectroscopic range; and
a simultaneous global regression on wavelengths both
inside and outside the spectroscopic range in which
absorption effects are demonstrated such that refrac

5

tive index and extinction coefficients or real and

10

imaginary parts of the dielectric function are deter
mined over said selected spectroscopic range;
a simultaneous global regression on wavelengths both
inside and outside the spectroscopic range in which
absorption effects are demonstrated such that refrac

15

refractive index and extinction coefficient; and

tive index and extinction coefficients or real and

imaginary parts of the dielectric function are directly
determined over said selected spectroscopic range,
said global regresion serving to evaluate parameters
in dispersion models, at least one of which is selected
from the group consisting of
Cauchy;
Cauchy--Urbach absorption;
Selimeier Oscillator, (Zero broadened);
Lorentz Oscillator;
Gaussian Oscillator;
Harmonic Oscillator;
Drude Oscillator;
Tauc-Lorentz Oscillator;

Cody-Lorentz Oscillator;
Tanguay.
Ionic Oscillator;

not dominant, Such that refractive index and extinction

nant; and
25

30
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Herzinger-Johs Parametric Semiconductor Oscilla

7. A method as in claim 1, 2 or 3 in which the math

the thin film.
40

Adachi Oscillator Model;
Pole; and
45

50

55

8. A method as in claim 1, 2 or 3 in which ellipsometric
data is obtained at at least two angles of incidence.
9. A method as in claim 1, 2 or 3 which further comprises
saving determined optical constants over the entire range of
wavelengths, and replacing the mathematical model of the
thin layer with a mathematical model which allows fitting
the refractive index or imaginary part of the dielectric
function with mathematical dispesion model, effectively
plotting said parameters, fitting the effective plot with at
least one mathematical dispersion model and performing a
regression to evaluate parameters in said mathematical dis
persion model.
10. A method as in claim 1, 2 or 3 which further comprises
saving determined optical constants over the entire range of
wavelengths, and replacing the mathematical model of the
thin layer with a mathematical model which allows fitting
the refractive index and extinction coefficient or the real and

60

refractive index and extinction coefficient;

real and imaginary parts of the dielectric function;
as fit parameters, and generating data corresponding to the
data in step a from said mathematical model and effectively

effects are present in the obtained data.
5. A method as in claim 4, in which step d is performed
at least one additional time with the range of wavelengths is
set to include yet more of the obtained data range in which
absorption effects are dominant.
6. A method as in claim 3, in which step d is performed
at least one additional time with the range of wavelengths is
set to include the entire obtained data range.
ematical model comprises a Cauchy function to represent

tor Model;
Psemi-Eo Oscillator;

e) diplayinci at least some determined optical constant
data over at least a portion of said spectroscopic range.
3. A method of determining the optical constants of a
sample system comprising a Substrate with at least one thin
film on a Surface thereof, utilizing a spectroscopic beam of
electromagnetic radiation, comprising the steps of
a) obtaining ellipsometric data over a range of spectro
scopic wavelengths between FIR to VUV and display
ing said data as an ellipsometric parameter vs. a param
eter which varies with wavelength;
said plot being characterized by a range corresponding to
longer wavelengths in which said sample system is Substan
tially transparent and typically demonstrates interference
resulting from reflections from the Surface and at least one
thin layer interface therebelow, and a range corresponding to
shorter wavelengths in which the plot demonstrates domi
nant effects of absorption;
b) proposing a mathematical model of said sample sys
tem, said mathematical model comprising parameters
allowing determining a in the selection from the group
consisting of:

e) diplaying at least some determined optical constant
data over at least a portion of said spectroscopic range.
4. A method as in claim 3, in which step d is performed
at least one additional time with the range of wavelengths set
to include more of the obtained data range in which absorp
tion effects are not dominant and in which interference

Oscillator;

Critical Point Parabolic band (CPPB);

real and imaginary parts of the dielectric function;
as fit parameters, then performing a point by point fit
begining in the range of wavelengths wherein absorption is
coefficients or real and imaginary parts of the dielectric
function are determined over at least a portion of the range
of the obtained data wherein absorption effects are domi

TOLO;
Gauss-Lorentz Oscillator;

Gauss-Lorentz Oscillator Asymetric Doublet (Glad)
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displaying said generated data with said obtained ellipso
metric data over the spectroscopic range;
c) selecting a range of wavelengths in which absorption
effects are not dominant and simultaneously perform
ing regression over said range of wavelengths to set
parameter values in said mathematical model to values
Such that the plots of the obtained and generated data
are Substantially the same;
d) fixing the value of at least one parameter obtained in
step c, and setting the range of wavelengths to include
at least Some the obtained data range in which absorp
tion is dominant, and setting parameters allowing deter
mination of a selection from the group consisting of:
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imaginary parts of the dielectric function with mathematical
dispersion models, plotting said refractive index or real part
of the dielectric function and fitting said refractive index or
imaginary part of the dielectric function with at least math
ematical dispersion model, and performing a regression to
simultaneously evaluate refractive index and extinction
coefficient or real and imaginary parts of the dielectric
function parameters in said mathematical dispersion model.
11. A method as in claim 1, 2 or 3 which further comprises
saving determined optical constants over the entire range of
wavelengths, and replacing the mathematical model of the
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thin layer with a mathematical model which allows fitting
the refractive index or the real part of the dielectric function
with mathematical dispersion models, plotting said refrac
tive index or real part of the dielectric function and fitting
said refractive index or real part of the dielectric function
with at least one mathematical dispersion model and per
forming a regression to evaluate parameters in said math
ematical model, in which at least one said dispesion model
is selected from the group consisting of:
Cauchy;
Cauchy--Urbach absorption;
Sellmeier Oscillator, (Zero broadened);
Lorentz Oscillator;
Gaussian Oscillator;
Harmonic Oscillator;
Drude Oscillator;
Tauc-Lorentz Oscillator;

44
13. A method as in claim 1, 2 or 3 which further comprises
including parameters in said mathematical model which
characterize at least one selection from the group consisting
of:
5

10

15

Cody-Lorentz Oscillator;
Tanguay.
Ionic Oscillator;
TOLO;
Gauss-Lorentz Oscillator;

Lorentz-Lorenz,
Maxwell-Garnett;
Bruggeman;

Gauss-Lorentz Oscillator Asymetric Doublet (Glad)

Linear.

Oscillator;

Herzinger-Johs

Parametric Semiconductor Oscillator

25

Model;
Psemi-Eo Oscillator;

Critical Point Parabolic band (CPPB);
Adachi Oscillator Model;
Pole.

30

the refractive index and extinction coefficient or the real and

imaginary parts of the dielectric function with mathematical
dispersion models, plotting said refractive index or real part
of the dielectric function and fitting said refractive index or
real part of the dielectric function with at least one math
ematical dispersion model, and performing a regression to
simultaneously evaluate refractive index and extinction
coefficient or real and imaginary parts of the dielectric
function parameters in said mathematical model, in which at
least one said dispesion model is selected from the group
consisting of:
Cauchy;
Cauchy--Urbach absorption;
Sellmeier Oscillator, (Zero broadened);
Lorentz Oscillator;
Gaussian Oscillator;
Harmonic Oscillator;
Drude Oscillator;
Tauc-Lorentz Oscillator;

Cody-Lorentz Oscillator;
Tanguay.
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Parametric Semiconductor Oscillator

Model;
Psemi-Eo Oscillator;
Adachi Oscillator Model;
Pole.

19. A method as in claim 1, 2 or 3 which further comprises
including parameters in said mathematical model which
characterize at least one selection from the group consisting
of:

Oscillator;

Critical Point Parabolic band (CPPB);

thin film non-uniformity;
electromagnetic beam wavelength bandwidth spread;
spread in electromagnetic beam angle of incidence.
17. A method as in claim 1, 2 or 3 which further comprises
including parameters in said mathematical model which
characterize sample system caused incoherent effects.
18. A method as in claim 1, 2 or 3 which further comprises
including parameters in said mathematical model which
characterize sample system caused incoherent effects based
upon patterns being present thereupon and/or backside
reflections.

Ionic Oscillator;
TOLO;
Gauss-Lorentz Oscillator;

Gauss-Lorentz Oscillator Asymetric Doublet (Glad)

15. A method as in claim 1, 2 or 3 which further comprises
including parameters in said mathematical model which
characterize sample system anisotropy.
16. A method as in claim 1, 2 or 3 which further comprises
including parameters in said mathematical model which
characterize at least one selection from the group consisting
of:

12. A method as in claim 1, 2 or 3 which further comprises
saving determined optical constants over the entire range of
wavelengths, and replacing the mathematical model of the
thin layer with a mathematical model which allows fitting

Herzinger-Johs

Surface roughness;
optical constant grading:
anisotropy;
at least one interface layer,
thin film composition, (EMA):
said thin film composition being characterized by at least
one selection selected from the group consisting of
thin film porosity;
alloy percentage;
thin film crystalinity;
depolarization factor.
14. A method as in claim 1, 2 or 3 which further comprises
including parameters in said mathematical model which
characterize thin film composition, said parameters being
modeled by effective media approximation (EMA) utilizing
at least one selection from the group consisting of:
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sample system caused rotary effects;
magneto-optic effects;
electro-optic effects;
sample system temperature effects;
sample system strain effects.
20. A method as in claim 1, 2 or 3 which further comprises
selecting starting numbers for parameters in the mathemati
cal model which are input to the regression procedure by a
method that tests mean square error after a small number of
itterations for a seqence of starting values.
21. A method of determining the optical constants of a
sample system comprising a Substrate with a thin film on a
Surface thereof, utilizing a spectroscopic beam of electro
magnetic radiation, comprising the steps of:
a) obtaining spectroscopic ellipsometric data for said
sample system at at least one angle of incidence by
causing a spectroscopic beam of electromagnetic radia
tion including wavelengths from at least two ranges
selected from:
RADIO
MICRO
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FIR:
IR:

46
Material with High or Low Extinction Coefficient (K);
Material with High or Low Refractive Index (N):

NIR-VIS-NUV;
UV;

Metal;
Semimetal;

DUV; and

5

VUV;
EUV;
XRAY.

Semiconductor;

Insulator,
Transparent Oxide:
Liquid;

to interact with said sample system and enter a detector,
b) determining a range of wavelengths over which said 10
thin film is substantially transparent and determining
the thickness of said thin film utilizing ellipsometric
data obtained in said region by applying a Cauchy or
Sellmeier optical model and a square error minimizing
regression to evaluate parameters therein;
15
c) fixing the thickness determined in step b, and obtaining
a preliminary set of optical constants comprising:

Fluid;
Oils;
Lubricant;
Biological material;
Nucleic Acid;
DNA &/or RNA;
Protein:
Amino Acid;
Carbohydrate;

(e1(W)+ie2(a))
by point by point fitting to data across the entire measured
spectral range, and saving the resulting data;
d) while maintaining thickness fixed, applying at least one
mathematical dispersion model to said saved results
and evaluating parameters therein via regression onto
the e2(W) data only,
e) while maintaining thickness fixed and using the results
obtained in step d as initial conditions, performing a
regression onto e1(W) and e2(W) data;
f) applying a global regression onto at least e2() data to
fit all parameters, including thickness, over the entire
spectral range;
g) modifying the mathematical model and repeating steps
a-fat least once; and
h) diplaying at least Some determined optical constant
data over at least a portion of said spectroscopic range.
22. A method as in claim 1 or 2 or 3 or 21 in which the
obtained ellipsometric data is obtained at a multiplicity of
wavelengths and the optical model parameters which characterize the outermost layer(s) are refractive index and
extinction coefficient vs. wavelength, and in which the
method further comprises:
fitting said optical model parameters with at least one
mathematical dispersion which is selected from the group
consisting of:
Cauchy;
Cauchy--Urbach absorption;
Sellmeier Oscillator, (Zero broadened);
Lorentz Oscillator;
Gaussian Oscillator;
Harmonic Oscillator;
Drude Oscillator;
Tauc-Lorentz Oscillator;
Cody-Lorentz Oscillator;
Tanguay.
Ionic Oscillator;
TOLO;
Gauss-Lorentz Oscillator;
Gauss-Lorentz Oscillator Asymetric Doublet (Glad)
Oscillator;
Herzinger-Johs Parametric Semiconductor Oscillator

Wax :

Model;
Psemi-Eo Oscillator;
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Fat;
Lipid;
Plant material;
Animal material;
Fungi material;
Microbe material;
Tissue;
Condensate;
Combination Solid and Liquid &/or Gas;
Liquid Crystal;
Porous material;
Alloy;
Compound;
Composite:
Ceramic;
Polymer;
Fiberous material;
Wood containing material;
Paper containing material;
Plastic;
Crystaline material;
Amorphous material;
Polycrystaline Material;
Glassy material;
Homogeneous material;
Inhomogeneous material;
Superlattice:
Superconductor,
Lamgmuir-Blodgett material;
Monolayer;
Fractional Monolayer;
Multi layer;
Samples comprising Quantum Dots &/or Wells;
Polymer;
Conjugated Polymer,
Films of any material on substrate of another material
Monoparticles:
Composites containing monopartiXcles;
Nanomaterials;
Materials containing Nanomaterials;
Superlattices with Nanoparticles
combinations of the above.
24. A method as in claim 1 or 2 or 3 or 21 in which

Critical Point Parabolic band (CPPB);

evaluation is achieved for at least one selection from the

Adachi Oscillator Model;

group consisting:

Pole.

23. 3 A method as in claim 1 or 2 or 3 or 21 in which the 65

sample system is comprised of at least one selection from the
group consisting or

energy gap,

index of refraction;

growth rate;
etch rate;
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reflection from sample system;
transmission through sample system;

thickness;
extinction coefficient;
carrier concentration;

monochromatic;

alloy ratio:
critical point;
depolarization rate;
inhomogenuity;
grading:
anisotropy;
temperature;

10

crystalinity;
StreSS:

strain;

interface layer;
Surface layers;
Surface layer roughness;
interface roughness;
electro-optic coefficient;
magneto-optic coefficient;
chemical bond presence;
chemical bond strength;
combinations of the above.
25. A method as in claim 1 or 2 or 3 or 21 in which data

obtained corresponds to at least one selection from the group
consisting of:

15

spectroscopic;
ellipsometric;
single sample system;
multiple sample system;
single angle of incidence;
multiple angles of incidence;
acquired from single instrument;
acquired from multiple instruments;
single sample system orientation;
multiple sample system orientations;
focused beams;

divergent beams;
unfocused beams;
in-situ;
ex-situ;

kerr magneto-optic;
kerr magneto-optic coincident with ellipsometric;
combinations of the above.

